Inflammasome activation permits processing of interleukins (IL)-1b and 18 and elicits cell death (pyroptosis). Whether these responses are independently licensed or are ''hard-wired'' consequences of caspase-1 (casp1) activity has not been clear. Here, we show that that each of these responses is independently regulated following activation of NLRP3 inflammasomes by a ''non-canonical'' stimulus, the secreted Listeria monocytogenes (Lm) p60 protein. Primed murine dendritic cells (DCs) responded to p60 stimulation with reactive oxygen species (ROS) production and secretion of IL-1b and IL-18 but not pyroptosis. Inhibitors of ROS production inhibited secretion of IL-1b, but did not impair IL-18 secretion. Furthermore, DCs from caspase-11 (casp11)-deficient 129S6 mice failed to secrete IL-1b in response to p60 but were fully responsive for IL-18 secretion. These findings reveal that there are distinct licensing requirements for processing of IL-18 versus IL-1b by NLRP3 inflammasomes.
Introduction
Inflammasomes regulate the processing of pro-IL-1b and pro-IL-18 by caspase-1 (casp1) [1] , as well as inflammatory cell death (pyroptosis) [2] . Inflammasome activation occurs in response to pathogen or damage-associated molecular patterns (PAMPs or DAMPs). In the case of NLRP3 inflammasomes, these factors include microbial proteins, crystalline urea, RNA, Alum, and ATP [3, 4, 5, 6, 7, 8] . The diversity of these activating stimuli implies that complex regulatory mechanisms govern NLRP3-dependent responses. Indeed, production of reactive oxygen species (ROS) and modification of the thioredoxin interacting protein, TXNIP, have been shown to cooperatively ''license'' NLRP3 inflammasomes to process IL-1b [9] . Recent findings further suggest that casp8 or casp11 can impact the response of NLRP3 inflammasomes to certain pathogen-derived ''non-canonical'' stimuli [10, 11] . It is not known whether ROS also participate in responses to such stimuli. Moreover, it remains unclear whether processing of IL-18 also requires ROS production or might instead be regulated by distinct ROS-independent licensing mechanisms.
Various members of the IL-1 cytokine family exert pro-or antiinflammatory effects [12, 13] . Indeed, IL-18 and IL-1b act through distinct cell surface receptors and have distinct consequences during microbial infections [13, 14, 15, 16] . In some settings IL-18 can even counteract in vivo effects of IL-1b [12, 15, 17, 18] . Such findings suggest that tailoring the ratio of IL-1b versus IL-18 that is processed by inflammasomes might permit fine-tuning of inflammatory responses and influence infection outcomes. Yet, it is unknown whether activated NLRP3 inflammasomes can be differentially licensed to process IL-1b versus IL-18.
Lm is a bacterial pathogen that activates NLRP3 inflammasomes during infection [19, 20] . As a facultative intracellular pathogen, Lm can replicate both within the cytosol of host cells and extracellularly. The LLO hemolysin is required for Lm access and growth in the cytosol of many cultured mammalian cell types and for Lm virulence in vivo [21] . LLO also permits activation of NLRP3 inflammasomes in cultured cells [19, 22] . However, the specific Lm factors responsible for triggering NLRP3 inflammasome activation have previously remained undefined.
The Listeria protein p60 is abundantly secreted and essential for Lm virulence in vivo [23, 24, 25] . The p60 protein comprises an Nterminal portion with two LysM domains flanking an SH3 domain and a C-terminal portion with a repeat region and a NLPC/p60 domain [26] . The p60 NLPC/p60 domain shares homology with the Bacillius subtilis LytF endopeptidase and is predicted to mediate cleavage of peptide cross-links in bacterial peptidoglycan [23, 25, 27] . LysM domains are widely distributed in bacteria and plants and in several cases have been shown to bind carbohydrates in peptidoglycan or other glycoslyated biomolecules. [28, 29, 30, 31, 32, 33] . Bacterial SH3 domains similarly contribute to protein-protein or protein-glycan interactions [32, 33] .
Recently, we showed that the Lm p60 protein acts on DCs to indirectly stimulate NK cell activation [27] . The activation of NK cells by p60 was an IL-18-dependent process, suggesting a role for inflammasome activation [23, 27] . Here, we mapped a region of the p60 protein that stimulates bone marrow-derived DCs (BMDCs) to secrete IL-18 and IL-1b by activating NLRP3 inflammasomes. Peptide derivatives of p60 elicited ROS production and stimulated NLRP3-dependent secretion of IL-1b and IL-18, but did not induce pyroptosis. In addition, we found that production and secretion of IL-1b, but not IL-18, required ROS production and did not occur in cells deficient for caspase-11. These data demonstrate that p60 is a non-canonical microbial activator of NLRP3 inflammasomes and reveal the existence of different licensing requirements for processing of IL-18 versus IL1b.
Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, the Public Health Service Policy on the Humane Care and Use of Laboratory Animals, and the Association for Assessment and Accreditation of Laboratory Animal Care. The protocols used were approved by the Institutional Animal Care and Use Committee at National Jewish Health (Protocol Permit AS2682-9-13). All efforts were made to minimize suffering.
Mice
B6.NLRP3
2/2 mice originally from Dr. Richard Flavell (Yale University) were generously provided by Dr. Philippa Marrack (National Jewish Health). C57BL/6 mice (Jackson labs) and 129S6 mice (Taconic labs) were maintained in our colony. All mice were housed in the Biological Research Center of National Jewish Health.
Bacterial Strains
Wild type Listeria monocytogenes 10403s and an isogenic strain with an in-frame deletion of p60 were used in these studies [25] . Escherichia coli TOP10 cells (Invitrogen) were used for expression of His-tagged proteins.
Accession numbers p60 (NCBI accession ZP_05235088.1).
Production and Purification of Proteins and Synthetic Peptide
DNA coding for the mature p60, and the L1S, LysM2, or NLPC/p60 domain fragments were cloned into the pTrcHis-TOPO TA cloning vector (Invitrogen) as described previously [27] . IPTG-induced expression in E.coli was performed as described [27] . Polymyxin B columns were used as indicated by the manufacturer (Thermo Scientific) to remove LPS from purified proteins. In some experiments, purified proteins were boiled at 100uC for 10 minutes to denature protein structure or digested with Pronase protease mixture (Sigma-Aldrich) to ablate BMDCstimulating activity. The LysM1 peptide (STVVVEAGDTLW-GIAQSKGTTVDAIKKANNLTTDKIVPGQKLQVNNE-NAAE) was synthesized by Biomatick (Wilmington, DE).
BMDC Culture and Stimulation
BMDCs were cultured and stimulated as described [27] . Cells were plated for .12 hours in antibiotic-free media, primed for 3 hours with 10 ng/ml ultra-pure LPS, 20 mg/ml polyinosinepolycytidylic acid (PIC) (Invivogen), 2 ng/ml recombinant mouse IL-12, or media alone. Purified p60 or L1S protein [ 
Western Blot, ELISA and LDH Assay
Lysates from BMDCs treated as above were probed with polyclonal a-IL-1b (R&D Systems) and monoclonal a-Caspase-11 Cas11.17D9 (Biolegend, San Diego, CA ). Concentrations of murine IL-1b and IL-18 were measured using commercial ELISA kits (BD Biosciences) on supernatants collected at the indicated times. LDH release was measured using the Cytotox96 cytotoxicity kit as per manufacturer instructions (Promega).
QRT-PCR
Cell lysates were collected from BMDCs treated as above 6 hours post L1S stimulation. RNA was isolated using the RNeasy kit (Qiagen) and cDNA was obtained using the IM-Prom-II kit (Promega) according to the manufacturer's instructions. Specific expression primers for IL-1b, IL-18, NLRP3, and GAPDH were synthesized as previously published [34, 35, 36, 37] . RT-PCR Primers are listed in Table 1 . Quantitative PCR reactions using iTaq SYBR green supermix (BioRad) were performed and analyzed using the 7300 Real Time PCR instrument (AB Applied Biosystems). Data were computed using the 7300 ABS software (AB Applied Biosystems).
ROS Production
BMDCs were washed in PBS and labeled with 10 mM of the ROS probe, CM-H 2 DCFDA (Invitrogen) for one hour. Washed cells were then treated with p60 protein 620 mg/ml PIC or 2 ng/ ml IL-12 for 4 hours. Live cells were washed in PBS and read at 485/528 nm. Fluorescence was assessed using a BioTek Synergy plate reader and expressed as arbitrary fluorescence units above background.
Statistics
Statistic analysis was performed using Graph Pad Prism 5. P values were assessed using unpaired, two-tailed Student's t tests (a = 0.05). In the figures, * denotes P values between 0.05 and 0.01, ** denotes P values between 0.01 and 0.001, and *** denotes P values , or = 0.001. All error bars represent SEM. All experiments were performed in triplicate. Data shown are representative of at least three independent experiments.
Results
The Lm p60 Protein Induces IL-18 and IL-1b Secretion from BMDCs
Infection of BMDC by Lm induced secretion of IL-18 and IL1b, which was significantly reduced upon infection with Dp60 Lm (Fig. 1A,B) . Lm deficient for p60 are not growth deficient in BMDCs [27] . These results thus indicated that p60 directly or indirectly promotes processing of mature IL-1b and IL-18 during Lm-infection. To distinguish whether p60 acted directly on DCs or indirectly by altering the bacterial cell, we evaluated IL-1b and IL-18 secretion by BMDCs treated with detoxified recombinant p60 protein [27] . The treatment stimulated secretion of IL-18 and IL-1b, provided the BMDCs were first primed with either TLR agonists such as LPS and PIC, or inflammatory cytokines such as IL-12 ( Fig. 1 C,D and see below) . Consistent with the two-signal hypothesis for inflammasome activation [1, 38] , treatment of the BMDC with TLR agonists alone failed to induce IL-1b or IL-18 secretion (Fig. 1C,D) . The p60 protein failed to induce IL-1b secretion from BMDCs following denaturation by boiling or digestion by treatment with a protease cocktail (Fig. 1E) , suggesting that additional E.coli-derived PAMPs did not contribute to IL-1b secretion in this system.
Induction of IL-1b and IL-18 Secretion Maps to the p60 LysM1 Domain
The Lm p60 protein contains a catalytic NLPC/p60 domain and two LysM domains which flank a bacterial SH3 domain ( Fig. 2A) . The ability of p60 to stimulate NK cell activation maps to a region comprising the LysM1 and SH3 domains, termed L1S [27] . The L1S region also induced IL-18 and IL-1b secretion when administered to BMDCs (Fig. 2B,C) . Moreover, a synthetic peptide comprising the LysM1 domain sufficed to stimulate IL-1b and IL-18 secretion from PIC primed BMDCs (Fig.2D,E) . Thus, post-translational modifications or bacterial contaminants were dispensable for the induction of IL-1b and IL-18 secretion by the LysM1 peptide. We additionally tested purified LysM2 and the NLPC/p60 domain fragments for BMDC-stimulating activity and found that in contrast to L1S, these peptides induced little IL-1b (Fig. 2F) . Purified p60 Protein and L1S Polypeptide Activate the NLRP3 Inflammasome without Inducing Pyroptosis Casp 1-dependent and -independent proteolytic processing of IL-1 family cytokines has been reported [39, 40] . Hence, we asked whether specific inhibitors of casp-1, -4/11, and -5 (Z-WEHD-FMK) or a more generic caspase inhibitor (Z-VAD-FMK) abrogated Il-1b and IL-18 secretion in response to L1S peptide (Fig. 3A,B) . Both inhibitors impaired IL-1b and IL-18 secretion by LPS-primed BMDCs, suggesting involvement of activated caspases. The requirement for priming in the response of BMDCs to p60 further evoked the requirement for priming to induce NLRP3 expression [38] . We thus asked whether BMDCs from B6.NLRP3 2/2 mice secreted IL-1b or IL-18 in response to treatment with p60 (Fig. 3B,C) . The results indicated that NLRP3 was essential for secretion of both cytokines. Since activation of NLRP3 inflammasomes by extracellular adenosine triphosphate (ATP) and several other ligands is known to induce pyroptosis we also tested for lactose dehydrogenase (LDH) release (Fig. 3D) . However, unlike ATP, the L1S peptide failed to induce cell death. Thus, the p60 LysM1 region induces activation of the NLRP3 inflammasome, but in a manner that fails to elicit the full spectrum of potential cellular responses.
Distinct Requirements for ROS Production during IL-1b and IL-18 Secretion in Response to p60/L1S Stimulation Like many activators of the NLRP3 inflammasome [3, 9, 41] , the p60 protein triggered measurable ROS-dependent fluorescence of dichlorofluorescein (DCF) dye (Fig. 4A) . Consistent with previous reports implicating ROS in regulation of NLRP3 inflammasome activation [3, 9, 41] , the production of ROS in response to p60 was significantly greater than seen in response to PIC priming agent alone (Fig. 4A) . This ROS production also correlated with secretion of IL-1b and IL-18 (Fig. 4B,C) . Application of the inhibitor diphenyleneiodonium chloride (DPI) after priming, but prior to p60 stimulation, blocked ROS generation (Fig. 4A) . These reductions in ROS correlated with reduced IL-1b secretion (Fig. 4B) and processing of pro-IL-1b (Fig. 4D) . However, DPI treatment had no effect on IL-18 secretion (Fig. 4C, S1 ). Processing and secretion of IL-1b remained low at 24 hours during DPI treatment (Fig. S1) , suggesting ROS inhibition did not simply delay IL-1b processing.
Recent reports revealed that DPI and other inhibitors of ROS production block the ability of priming with TLR agonists to induce expression of NLRP3 and pro forms of cytokines [12, 42, 43, 44] . To determine whether DPI treatment after addition of TLR agonists in our experiments above might have interfered with production of pro-IL-1b, pro-IL-18 and NLRP3, we examined RNA from cell lysates primed with LPS two hours prior to DPI treatment. BMDCs primed with 10 ng/ml LPS and stimulated 3 h later with 30 ug/ml L1S significantly up-regulated mRNA transcripts of NLRP3, pro-IL-1b, and pro-Il-18 (Fig. S2) . DPI applied post-priming and 1 h before L1S stimulation did not inhibit such up-regulation (Fig. S2) . These data confirm that inhibition of ROS production after TLR stimulation does not block NLRP3 expression [43] , and suggest that ROS selectively stimulate NLRP3 inflammasome activity leading to IL-1b secretion. By contrast, IL-18 processing by the NLRP3 inflammasome does not require ROS.
Lack of IL-1b but not IL-18 Secretion in Response to p60/ L1S Stimulation of 129S6 Cells
NLRP3-dependent responses to certain ''non-canonical'' stimuli require casp11 [11] . Since 129S mice contain a null casp11 allele [11] , we used BMDCs from these mice to ask if casp11 might affect p60/L1S-induced inflammasome activation. Activated casp11 was observed in LPS-primed BMDCs from C57BL/6 mice selectively when the cells were also stimulated with L1S (Fig. 5A) . By contrast, we failed to observe substantial active casp11 in LPS-primed BMDCs alone or stimulated with the ''canonical'' NLRP3 agonist alum (Fig. 5A) . Consistent with the findings of Kayagaki et al. (2011) , casp11 was absent in lysates from 129S6 BMDCs (Fig. 5A) . Given that casp11 activation was induced by L1S, we asked whether lack of casp11 in 129S6 BMDCs correlated with obviated ROS production and IL-1b or IL-18 secretion in response to L1S peptide. ROS production was not impaired in 129S6 mice stimulated with L1S (Fig. 5B) . Likewise, BMDC stimulation with the canonical NLRP3 stimulus, alum, efficiently induced secretion of IL-1b in 129S6 BMDCs (Fig. 5C ). However, in response to L1S processing and secretion of IL-1b was significantly (66-93%) reduced in the 129S6 BMDCs despite similar levels of pro-IL-1b and NLRP3 induction (Figs. 5C,D and S2) . Conversely, secretion of IL-18 in response to alum or L1S treatments was not significantly altered in 129S6 BMDCs (Fig. 5E ). These findings underscore the distinct requirements for processing of pro-IL1b and pro-IL18 in response to L1S stimulation.
Since there are numerous genetic differences between 129S6 and C57BL/6 mice, the observed differences in IL-1b and IL-18 secretion might conceivably be independent of casp11. We considered whether transcriptional regulation of the pro-cytokines or NLRP3 might be reduced in 129S6 BMDCs, but quantitative RT-PCR revealed similar induction of pro-IL-1b and NLRP3 after LPS/L1S stimulation (Fig. S2) . Further, the levels of pro-IL1b and NLRP3 induction were comparable between 129S6 and C57BL/6 BMDCs. Secretion of IL-18 in response to L1S treatment was not different in C57BL/6 and 129S6 BMDCs (Fig. 5E) , and up-regulation of il18 mRNA was not significantly reduced in the 129S6 BMDCs (Fig. S2H) . However, basal il18 was 3-20 fold higher in the 129S6 BMDCs (not shown). Overall, these findings are consistent with the hypothesis that the differential secretion of IL-1b in C57BL/6 and 129S6 BMDCs is not due to differential regulation of nlrp3 or il1b expression, but rather to differential expression of casp11. Hence, the Lm p60 protein behaves as a ''non-canonical'' activator of the NLRP3 inflammasome.
Discussion
Our findings have demonstrated a previously unappreciated plasticity in the cellular response to NLRP3 inflammasome activation. Using BMDCs from C57BL/6 and 129S6 mice we found that stimulation of cells with a ''non-canonical'' microbial activator of the NLRP3 inflammasome induced both IL-1b and IL-18 processing. Yet, secretion of IL-1b in response to this stimulus showed distinct requirements for ROS and casp11 when compared to IL-18. Thus, our findings demonstrate that there are different licensing requirements for NLRP3 inflammasome-dependent processing and secretion of IL-1b and IL-18.
ROS were previously shown to promote cleavage of pro-IL-1b by stimulating association of TXNIP with NLRP3 to ''unlock'' the ability of the NLRP3 inflammasome to activate casp1 and cleave pro-IL-1b [9] . The lack of requirements for ROS (and presumably casp11) in licensing of IL-18 secretion indicates that in the absence of ROS and/or casp11 host cells may selectively produce IL-18 in response to NLRP3 inflammasome activation. Such differential licensing may contribute to the selective production of IL-18, but not IL-1b, by epithelial cells during dextran induced colitis [45, 46] . However, our findings did not exclude the existence of additional unique requirements for licensing of pro-IL-18 secretion.
Recent studies reported that priming by TLR agonist stimulation promotes expression of NLRP3 as well as pro-IL-1b and pro-IL-18 [42, 43] . Treatment with ROS inhibitors such as DPI prior to TLR stimulation (DPI TLR) can block upregulation of these factors and thus impair inflammasome activation by preventing priming [43] . However, treatment with DPI after TLR priming (TLR DPI) did not impair inflammasome activation by the poreforming activator nigericin [43] . In our experiments, DPI was added after 2 hours of TLR stimulation (TLRDPI). We further confirmed by our QRT-PCR data that this protocol for DPI treatment did not block induction of mRNA for NLRP3, pro-Il1b, or pro-IL-18. Yet, we found that DPI inhibited secretion of IL1b but not IL-18 by L1S-stimulated BMDCs. These results suggest that the mechanisms of L1S-mediated versus nigericin-mediated NLRP3 inflammasome activation are distinct. Namely, L1S-mediated inflammasome activation requires ROS at a postpriming stage, while nigericin-mediated activation does not. Our results are consistent with a role for casp11 in L1S-mediated activation of the NLRP3 inflammasome, but proof of this interpretation would require experiments performed with caspase-11 deficient mice in a C57B/6 background. The lack of casp11 in the 129S6 strain is but one of several differences between this and C57BL/6. Indeed, we noted that basal il18 transcript amounts were consistently higher in 129S6 mice (not shown). It is thus possible that increased availability of il18 mRNA increases the amount of pro-IL-18 constitutively available for casp11-independent processing and secretion by 129S6 cells and contributes to their IL-18 secretion in response to L1S and alum treatments. The anthrax toxin-sensitive NLRP1b allele is also present in 129S6 but not C57BL/6 mice [47] . Further experiments would be needed to determine whether L1S might activate the NLRP1 inflammasome.
Although the Lm p60 protein activates NLRP3, expression of the Lm p60 protein is clearly important for bacterial pathogenicity during systemic infection [25] . How can this be the case given that NLRP3 expression is protective in many disease settings? IL-1b has been ascribed a pro-bacterial role in some bacterial infection models [15] , and thus p60 might conceivably benefit Lm by inducing IL-1b. However, IL-1 and the IL-1 receptor, IL-1R1, reportedly promote host resistance to systemic Lm infection [12, 48, 49] . By contrast, IL-18 deficient mice were previously found to be resistant to systemic Lm infection [50] . The mechanistic basis for such pro-bacterial effects of IL-18 is unclear. However, IL-18 has antagonistic or regulatory effects on IL-1 during Helicobacter infection and in certain other models of inflammatory disease [14, 45, 46, 51] . Thus, we speculate that p60, and perhaps other protein activators of the NLRP3 inflammasome, may benefit bacterial and fungal pathogens by selectively triggering secretion of IL-18. Whether NLRP3 activation is beneficial or detrimental to a pathogen may depend on whether the context of such activation favors IL-18 versus IL-1b production. Moreover, NLRP3 activation may have no net effect in some settings. Indeed, while NLPR3 deficiency exacerbates host infection by Mycobacterium marinum it has little impact on susceptibility to M. tuberculosis [52] [53] .
In summary, our findings revealed that distinct co-factors license NLRP3 inflammasomes for induction of downstream responses. The ability to independently govern the processing and secretion of IL-1b, IL-18, and induction of pyroptosis likely evolved to permit fine-tuning of host cell responses to infectious and inflammatory stimuli. However, Lm and perhaps other pathogens may have co-evolved the ability to co-opt this differential regulation. Host molecules responsible for differential regulation of NLRP3 inflammasomes may be useful targets for anti-microbial and anti-inflammatory therapy. Figure S1 DPI inhibits IL-1B processing and secretion up to 24 hours post-treatment. (A-C) BMDC were primed with PIC (where indicated), and then stimulated with p60 protein (where indicated). In DPI conditions, 10 mM DPI was added 2 hours after priming but 1 hour prior to p60 stimulation. IL-1b (A) and IL-18 (B) levels were measured by ELISA 24 hours posttreatment from the same experimental supernatants. (C) Cellular lysates were probed for IL-1b 24 hours post-treatment. * denotes P values between 0.05 and 0.01, ** denotes P values between 0.01 and 0.001 Error bars represent SEM. Experiments were performed in triplicate. Data shown represent two independent experiments. (TIF) Figure S2 mRNA induction of IL-1b, NLRP3, and IL-18 after LPS/L1S treatment. BMDC from C57B/6 or 129S6 mice were primed with 10 ng/ml LPS applied 3 hours prior to p60 stimulation. Where indicated, 10 mM DPI was added 2 hours after priming but 1 hour prior to p60 stimulation. Cell lysates were collected 6 hours post p60 stimulation. GAPDH levels (A, E) are shown relative to average C57B/6 untreated/unstimulated levels. 
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